I. INTRODUCTION
L IQUID CRYSTAL displays (LCDs) have been widely used for graphics, data, and TVs. Fast response time, high contrast ratio, wide viewing angle, and weak color shift are the major technical thrusts for large screen LCD TV and computer monitor applications [1] . To widen viewing angle, multi-domain vertical alignment (MVA) [2] , [3] , patterned vertical alignment (PVA) [4] , [5] , advanced super view (ASV) [6] , [7] , and in-plane switching (IPS) modes [8] - [10] have been developed. IPS mode inherently exhibits a wide view angle due to the in-plane reorientation of the LC directors. However, the conventional IPS LCD which uses stripe electrodes exhibits an apparent color shift at some specific viewing directions. In a super-IPS mode the zigzag electrode structure helps to reduce color shift [11] , [12] , but the intrinsic response time is still an issue. In addition, the viewing angle is still inadequate for TV applications. Compensation films are needed to reduce the light leakage of crossed polarizers at oblique angles.
Several methods for improving LC response time have been proposed [1] . Besides low viscosity LC materials, the most commonly adopted approach is to use overdrive and undershoot voltages [13] . For improving the IPS response time, Xiang et al. proposed a double-side fringe-field switching method [14] , [15] , and Sun et al. studied the optimal rubbing angle effect [16] . To widen viewing angle, phase compensation film is a favorable approach. Chen et al. viewing angle [17] , while Saitoh et al. extended the 50:1 contrast ratio contour to the entire viewing cone by using biaxial compensation films [18] . In this paper, we analyzed the bending-angle effect of the chevron-shaped electrodes in the multi-domain (MD) IPS-LCD. We developed a reliable three-dimensional (3-D) dynamic model which combines the finite element method (FEM) and finite difference method (FDM) for simulating the LCD performances. The calculation time is reasonably fast [19] . The electro-optic properties of the MD IPS mode under different bending angles were characterized by the voltage-dependent transmittance (VT) curve, time-dependent transmittance curve, angular-dependent VT curve, color shift, and iso-contrast view angle contour. The viewing angle is widened using the optimized uniaxial compensation films. We demonstrated a MD IPS-LCD with fast response time and enhanced view angle while eliminating the angular-dependent VT variation and color shift.
II. NUMERICAL APPROACHES AND OPTICAL CALCULATIONS
The model used here is based on the Gibbs free energy formulation [20] . It consists of the calculation of the electric and elastic potential distribution and the associated director distribution within the time-step procedure, where the director and potential distributions are modeled via FEM while FDM is used as the base for the time step process [21] , [22] .
The LC director distributions are calculated by minimizing the total free energy, which is the summation of the electric free energy and the elastic free energy: (1) where , and are the total free energy, elastic free energy, and electric free energy, respectively. Choosing the glass substrate parallel to the plane of a Cartesian coordinate system , from Lagrange equation we find that the LC director profile is given by [23] (2) where , and are, respectively, the director vector in the direction, rotational viscosity, Lagrange multiplier for maintaining the unit length of the director, and free energy in the direction of the director vector. The total free energy in the direction of the director vector can be written as (3) 1551-319X/$20.00 © 2005 IEEE Substituting (3) to (1), after simplification the separated form of the total free energy is related to the elastic free energy and the electric free energy as (4) The elastic free energy is calculated from the Ossen-Frank free energy equation [20] ( 5) where is the inherent chiral term, is the director vector, and are the splay, twist, and bend elastic constant, respectively.
The electric free energy, , under the effect of a static electric field which is induced by a constant voltage is given by (6) where , and are the electric flux density, the electric field intensity, and the LC dielectric constant matrix, respectively. The potential distribution could be solved as a variational problem using FEM, where the LC device is discretized by using first-order rectangular element and the periodic boundary condition is applied in the plane. Strong anchoring is assumed to the LC directors and this Dirichlet boundary condition is also imposed on the resultant matrix equations for the electric potentials.
Substituting (5) and (6) back to (3), the temporal director distribution could be solved using FDM as: (7) where is the time step of the iteration. Therefore, assuming a fixed initial director distribution, a variational potential distribution can be obtained within each time step using FEM. The solution for the director distribution is further performed using FDM by assuming the above variational potential distribution as a fixed one. These two procedures are repeated within each time step until the steady state director distribution is obtained by the two-step iterative calculations.
With the known steady-state director distributions, the optical properties of the LC device such as in the average pixel transmittance and its variation as a function of the applied voltage, time, and view angle could be evaluated using the extended Jones Matrix method [24] , [25] . The LC layer is modeled as a stack of uniaxial homogeneous layers with the same structure as the previous model [26] . Here, we assume the reflections between interfaces are negligible. Therefore, the transmitted electric field is related to the incident electric field by [25] (8) where and are the correction matrix considering the transmission losses in the air-LCD interface, which are given by (9) Correspondingly, the overall optical transmittance is represented as (10) where is the index of refraction of the polarizer, and is given by (11) in which and are the two refractive indices of the polarizer, and is the azimuthal angle of the incident wavevector .
III. DEVICE STRUCTURE AND WORKING PRINCIPLE Fig. 1 show the device structure and its working principle of the simulated multidomain IPS LCD, where both the positive and negative dielectric anisotropy LC materials can be used. The rubbing direction is preferred to be along the vertical direction in Fig. 1 (a) and the LC directors are aligned homogeneously on the glass substrates. The chevron-shaped electrode is bent and has a bending angle, , which is set as the angle between the chevron arm extension direction and the vertical direction. A serial of chevron-shaped electrodes are alternatively arranged to form the inter-digital electrodes on the same substrate as the common electrode and the pixel electrode, respectively, which are connected to the thin-film transistors (TFTs) in the practical LCD devices.
The principal axis of the linear polarizer near the bottom substrate is parallel to the LC alignment (i.e., rubbing) direction. When there is no voltage applied, the incident light is completely blocked by the crossed polarizers, which results in a normally black state. When the applied voltage exceeds the threshold, the transversal electric fields are created and the electric field lines are in the parabolic form in the whole display area. Correspondingly, the LC directors with positive (or negative) dielectric anisotropy between the electrodes would be reoriented along (or perpendicular) the electric field direction. The LC directors above two chevron arm regions are twisted into different directions so that the multi-domain LC configuration is generated and light transmits through the crossed polarizers.
As an example, we simulate a chevron-shaped multi-domain IPS LCD using a Merck positive LC material MLC 6692. Its physical properties are summarized as follows:
Pas, pN, pN, pN, and at nm. The cell gap is m, the width of the chevron-shaped electrode is m, the electrode gap is m, and the chevron arm length is m. The bending angle of the chevron-shaped electrodes, , is varied from 10 to 45 . The employed polarizers are Nitto Denko HEG1425 types with a thickness of 210 m. The maximum transmittance of the polarizer/analyzer pair is 35%. It is clearly shown that the LC directors are twisted into different directions in-between the neighboring electrodes; especially, the LC directors on the two chevron arm regions are switched into complementary directions. Therefore, the chevron-shaped electrodes help to form four-domain structure. Fig. 3 plots the corresponding 3-D light transmittance contour of the multidomain IPS LCD through the crossed linear polarizers. It can be found that the regions in-between the neighboring electrodes predominantly contribute to the transmittance because the LC directors are uniformly twisted in these regions. The LC directors above the electrodes are only partially switched or even unmoved, resulting in a low transmittance. These regions appear dark under crossed polarizers and form the so-called dead zones or domain-walls as shown in Fig. 2 . The appearance of the dead zones reduces the overall light transmittance. To minimize dead zones, we could narrow the electrode gap and make the full use of the fringe-field switching (FFS) effect [27] , or use the finger-on-plane (FOP) structure [28] .
IV. RESULTS AND DISCUSSION

A. LC Directors Distribution and Light Transmittance
B. Voltage-Dependent Transmittance (VT)
The voltage-dependent transmittance (VT) curves of the conventional IPS mode and the multidomain IPS mode with bending angle are depicted in Fig. 4 (a) and (b), respectively. The conventional IPS mode has a similar device configuration to the MD IPS mode but with the stripe electrodes. The rubbing angle is defined as the angle between the LC orientation direction and the electrode longitudinal direction. The three primary colors used for simulations are , and nm. In Fig. 4(a) , as the applied voltage exceeds 1.2 V , the transmittance begins to increase and reaches its respective maximum at 4.75 V for the different wavelengths. The maximum transmittance is 29% for the green wavelength. For the multidomain IPS mode shown in Fig. 4(b) , the VT curves are similar to those of the conventional IPS mode, except for a slightly higher on-state voltage (5 V ) and a slightly lower maximum transmittance (27.8%). The % decrease in maximum transmittance is due to the multidomain formation [29] , [30] , which lowers the effective phase retardation. Fig. 5 plots the VT curves of the MD IPS cell at nm and different bending angles. As the bendnig angle increases, the maximum transmittance gradually decreases and the on-state voltage increases. For instance, the maximum transmittance occurs at 5 V for , but increases to 7 V as the bending angle increases to . The higher on-state voltage is due to the required effective projected electric field to switch the LC directors when the bending angle of the chevron electrode increases. In the meantime, the threshold voltage is lowered from 1.25 to 0.75 V as the bending angle is increased from at to .
C. Time-Dependent Transmittance
Fig . 6 plots the time-dependent transmittance under the pulsed squarewave voltages, which correspond to the maximum transmittance shown in Fig. 5 . As the bending angle increases, the rise time becomes shorter, but its maximum transmittance is lower. The decay time remains unchanged. The faster response time for a larger tilt angle is because the higher applied voltage and lower threshold. Thus, the effective switching ratio is higher. A higher switching ratio leads to a faster rise time [1] . Fig. 7 shows the calculated response times based on Fig. 6 , where the rise time is defined as the transmittance changes from 10% to 90% while the decay time is calculated from 90% to 10%. As the bending angle increases the rise time decreases rapidly. For example, when the bending angle is increased from 10 (this is also the common case for super-IPS LCD) to 20 and 30 , the rise time is reduced from 42 to 22 ms, and 18 ms, respectively. However, the tradeoffs are lower maximum transmittance and higher operating voltage. The optimal electrode bending angle seems to occur at -. Sun et al. have investigated the rubbing angle effect on a reflective IPS LCD [15] . This analysis can be extended to our device structure. Since our MD IPS LCD consists of a series of chevronshaped electrodes, it can be regarded as two stripe-shaped IPS cells with the respective initial tilt angle, and , that are driven by the electric field simultaneously. In addition, since the length of each chevron arm is much larger than the separation distance between the neighboring electrodes, the LC dynamic director rotation in-between the neighboring chevron arm regions can be simplified as the following Erickson-Leslie equation without the consideration of the backflow and inertial effects [10] : (12) where is LC rotational viscosity, is the twist elastic constant, is the dielectric anisotropy, is the applied electric field strength, and is the LC rotation angle.
Correspondingly, the rise time and decay time can be estimated from the following expressions: (13) (14) where is the LC cell gap, and is defined as that integrates the rotation angle of every LC layer along z-axis.
The above two equations reveal that the free relaxation time of an IPS mode mainly depends on the cell gap , LC rotational viscosity , and the twist elastic constant , while the rise time is also affected by the bending angle of the electrodes and the applied voltage. In a real MD IPS LCD, the situation is actually more complicated because it involves 3-D structures. From the above simplified analytical solutions, optimizing the bending angle could lead to response time improvement, which is consistent with our 3-D simulation results.
D. Angular-Dependent VT Curves
LC is a birefringent material, thus, the phase retardation in the voltage-off and-on states could depend on the viewing direction, especially in the large oblique angles. This phase difference leads to the undesirable angular-dependent VT curve variations and color shift.
In Fig. 8 , Snell's law correlates the incident angle in the air to the exit angle in the LC medium as (15) The angular dependent phase retardation of the LC medium at a given wavelength is expressed as [31] (16) where (17) In (15) and (17), and represent the ordinary and extraordinary refractive indices, the birefringence, the average refractive index of the LC material, is the LC cell gap, is the angle between the effective optical axis of the LC directors and the transmission axis of the polarizer, and is the LC tilt angle. The signs in (17) represent the light coming from left and right sides, respectively. Correspondingly, the normalized light transmittance (T) through the LC medium under the crossed linear polarizers has the following form [32] : (18) Equation (18) indicates that the transmittance is closely related to the light incident angle, LC orientation angle, the incident wavelength, and the applied voltage. We quantify the angulardependent transmittance based on the VT curves at opposite incident angles and at RGB wavelengths. Fig. 9 (a) and (b) compares the simulated angular-dependent VT variation of a conventional IPS and the MD IPS LCDs, respectively. The azimuthal angle is set at 30 and the incident angle at 30 . As shown in Fig. 9(a) , the angular-dependent VT variation for the RGB colors is quite obvious for the conventional IPS mode when the applied voltage is higher than the respective threshold voltage. The largest variation usually occurs at the maximum transmittance. However, in the MD IPS mode the angular-dependent VT variation problem is completely eliminated, as shown in Fig. 9(b) .
As shown in Fig. 2 , when the LC directors in the MD IPS mode are twisted to different directions in-between the neighboring electrodes, and form different subdomains. Specially, the two subdomains residing in-between the two different electrode arm regions are twisted in the opposite directions, which can compensate for the decrease in a subdomain by the increase from the opposite subdomain. It is helpful to eliminate the sign effect from on the value when the incident light comes from the left or from the right side. Thus, the VT curve for a given wavelength is independent of the sign of , i.e., the angular-dependent VT variation is unnoticeable.
E. Bending Angle Effect on Color Shift
From (18), the wavelength of the maximum transmittance shifts to a shorter wavelength when becomes smaller. That is to say, the white color shift occurs when changes. Klausmann et al. [29] have investigated the color shift problem of a conventional IPS mode and found that for the rotated LC directors with an oblique angle parallel to the optical axis, the maximum value of occurs at a shorter wavelength. That means the intended green color shifts toward blue range. In contrast, for the rotated LC directors with an oblique angle perpendicular to the optical axis, the maximum value of happens at a longer wavelength, which means the appearance color shifts toward yellow range. Fig. 10(a) plots the simulated color shifts of a conventional IPS mode at V . A noticeable blue shift occurs at 30 and 210 , and yellow shift at 130 and 310 azimuthal angles. On the contrary, in Fig. 10(b) no evident color shift is observed when the bending angle is as large as 30 for the MD IPS mode operated at V . The multidomain structure not only widens the viewing angle but also suppresses the color shift.
The reason for the small color shift in MD IPS mode lies in that the LC directors are rotated into complementary directions in each sub-domain. The multidomain structure with the opposite twist directions in the neighboring two sub-domains compensates for the decrease at a longer wavelength in one sub-domain by the increase at a shorter wavelength in the opposite sub-domain. The light transmittance is kept constant at a set of incident angle on the whole azimuthal range when illuminated with a white light source. As a result, color shift in the chromaticity diagram is small. Fig. 11 plots the inherent iso-contrast contour bars of the abovementioned IPS modes. For the conventional IPS mode at V and 10 rubbing angle, the iso-contrast bar is not symmetric and the viewing angle is relatively narrow ( at 10:1 contrast ratio). While in the in the MD IPS mode, as the tilt angle departs from zero the iso-contrast bar becomes symmetric along the horizontal/vertical direction and the view angle is wider. For the 30 bending angle at V , its contrast ratio is higher than 500:1 at 25 and the 10:1 iso-contrast view cone extends to 75 . In the horizontal and vertical directions, the viewing angles extend all the way to 90 with contrast ratio higher than 100:1.
F. Viewing Angle Ability
Chen [17] and Saitoh et al. [18] have demonstrated that the IPS viewing angle can be further improved using either a uniaxial or a biaxial compensation film. As seen from (17) , if the incident angle is nonzero, then , i.e., the phase retardation from the LC medium exists and its value depends on the incident angle. This nonvanishing phase retardation would cause light leakage from the crossed polarizers. This off-axis light leakage is detrimental to the contrast ratio under the oblique angles which, in turn, affects the viewing angle performance. Therefore, a crucial issue for enhancing contrast ratio over a wide viewing range is to eliminate the off-axis light leakage and minimize the dark state transmittance.
To minimize the off-axis light leakage, it is necessary to select proper optical phase compensation films to cancel the residual LC phase retardation at any oblique angles: (19) Meanwhile, the dark state should remain as black as possible and insensitive to the viewing angle. These are the two basic criteria for implementing the phase compensation films. Previously we have optimized the compensation films to widen the viewing angle of the conventional IPS LCD using uniaxial compensation films, where a positive C-plate is placed after the LC cell and before the positive A-plate in-between the crossed polarizers [33] . Here, we use the similar method to optimize the compensation films to eliminate the off-axis light leakage of the MD IPS mode. The optimized positive C-plate has nm, and is placed after the LC cell and before the optimized A-plate ( nm). Fig. 12(a) plots the iso-contrast bar of the MD IPS mode using the proposed compensation films, where the bending angle is 30 and the applied voltage is 6 V . Simulation results show that the 500:1 contrast ratio is extended to over 50 viewing cone and the 100:1 contrast ratio is wider than 80 viewing range.
In reality, the film thickness may not be controlled precisely. Thus, we have to consider the manufacturing tolerance. In the extreme cases, we assume the values of the A-plate and C-plate are simultaneously 5% below or above their optimal values. Results are plotted in Fig. 12(b) and (c) , respectively. In both cases, the viewing angle is slightly narrower, but their contrast ratio still maintains at 70 viewing cone. 
V. CONCLUSION
The electro-optic performance of a multidomain MD IPS-LCD with chevron electrode is simulated using 3-D FEM method. Results indicate that the multi-domain structure greatly widens the viewing angle, shortens the response time, and suppresses the angular-dependent VT variation and color shift. These advantages are particularly attractive for the high quality LCD TV and computer monitor applications.
